Previous studies have shown association of single nucleotide polymorphisms (SNPs) in three contiguous genes (PON1, PON2 and PON3) encoding paraoxonase with risk of Alzheimer disease (AD). We evaluated the association of serum paraoxonase activity measured by phenyl acetate (PA) and thiobutyl butyrolactone (TBBL) with risk of AD and with 26 SNPs spanning the PON gene cluster in 266 AD cases and 306 sibling controls from the MIRAGE Study. The odds of AD (adjusted for age, gender and ethnicity) increased 20% for each standard deviation decrease in PA or TBBL activity. There were association signals with activity in all three genes. Haplotypes including SNPs spanning the PON genes were generally more significant than haplotypes comprising SNPs from one gene. Significant interactions were observed between SNP pairs located across the PON cluster with either serum activity measure as the outcome, and between several PON SNPs and PA activity with AD status as the outcome. Our results suggest that low serum paraoxonase activity is a risk factor for AD. Furthermore, multiple variants in PON influence serum paraoxonase activity and their effects may be synergistic.
Introduction
Paraoxonases are a family of enzymes with ester hydrolyzing activity that are able to hydrolyze organophosphate compounds and platelet activating factor, impede lipoprotein oxidation, inhibit macrophage cholesterol biosynthesis, stimulate cholesterol efflux from macrophages, and delay atherosclerosis (Dragonov et al., 2005; Harel et al., 2004; Stoltz et al., 2009) . They are encoded by the three contiguous genes (PON1, PON2 and PON3) sharing considerable sequence identity and spanning ~ 150 kb on chromosome 7q21.3. These enzymes have similar but not identical activities (Dragonov et al., 2005) . While all paraoxonase enzymes are capable of catalyzing the hydrolysis and condensation of ester bonds in a broad range of substrates (Teiber et al, 2003) , their substrate specificity and catalytic activities differ. PON1 and PON3 are found in serum whereas PON2 is primarily an intracellular enzyme (Stoltz et al, 2009) . In vitro, paraoxonase activity in serum can be measured using colorimetric assays (Browne et al, 2007; Furlong et al, 1989; Nowaza et al., 1980) utilizing a variety of indicator substrates Lockridge et al., 1990; Smolen et al, 1991) including thiobutyl butyrolactone (TBBL) and phenyl acetate (PA). The PA assay, which measures an arylesterase activity of paraoxonase, is a widely used assay but may not represent a native physiological activity . The TBBL assay measures a lactonase activity of paraoxonase, which is important in regulating expression of virulence factors and inducing a host inflammatory response (Dragonov et al., 2005; Khersonsky and Tawfik, 2005) . PON activity in serum is strongly influenced by some coding and regulatory sequence variations in PON1 Brophy et al., 2001a Brophy et al., , 2001b Browne et al., 2007; Deakin et al., 2003) , however, a substantial portion of the overall phenotypic variance in PON activity between individuals remains unexplained by any single defined DNA polymorphism (Brophy et al., 2001a (Brophy et al., , 2001b Chen et a; Deakin et al., 2003; Saeed et al., 2007) .
Serum paraoxonase activity phenotypes and polymorphisms in this gene cluster are associated with a variety of atherosclerosis-driven vascular outcomes including coronary artery disease, stroke and oxidative stress (Aydin et al., 2006; Bhattacharyya et al., 2008; Jarvik et al., 2000; Leviev et al., 2001; Kim et al., 2009; Mackness et al., 1991 Mackness et al., , 1998 McElveen et al., 1986; Yildiz et al., 2008) , although their reliability as predictors of vascular disease risk has not been firmly established. Serum paraoxonase activity was previously examined in relation to AD in two studies: (1) Paragh et al. (2002) observed that serum paraoxonase activity is reduced in both AD and vascular dementia subjects relative to controls; (2) Dantoine et al. (2002a Dantoine et al. ( , 2002b found that serum paraoxonase activity is reduced in vascular dementia but not significantly altered in AD relative to controls; however the number of controls was fairly small. Thus the relation between PON polymorphisms, PON serum activity and susceptibility to AD is unclear and is important for the evaluation of PON as a risk factor for AD. Previously, we identified association of AD with several single nucleotide polymorphisms (SNPs) in the PON gene cluster, in particular a SNP (rs705381) in the PON1 promoter (Erlich et al., 2006) . In this study, we evaluated the association of paraoxonase activity measured by the TBBL and PA assays in serum with a comprehensive set of PON SNPs and the interaction of the serum paraoxonase measures and PON SNPs on risk of AD.
Methods

Subject Recruitment and Evaluation
This study included 266 AD cases and 306 sibling controls from the MIRAGE Study, a family-based genetic epidemiological study of AD described in detail elsewhere (Green et al., 2002) . Briefly, AD patients and their siblings were recruited from 14 clinical centers in the United States, Canada, Germany, and Greece. Sibships were ascertained through a single affected proband with probable AD according to NINCDS/ADRDA criteria (McKhann et al., 1984) . Cognitive status of individuals identified as non-demented was confirmed by a score ±86 or higher on the modified Telephone Interview of Cognitive Status (Roccaforte et al., 1992) . Age at onset of AD was defined as the age of earliest reported symptoms by proxy. Subjects were classified according to self-reported ethnicity as Caucasian, African American or Asian American. Non-fasting blood specimens were obtained for DNA and biochemical analyses. Only persons who gave written informed consent are included in this study. Study protocols were approved by Institutional Review Boards at each recruitment site. Subject characteristics are shown in Table 1 .
SNP selection and genotyping
Twenty-nine SNPs distributed across the PON gene cluster region were selected as previously described (Erlich et al., 2006) . Genotyping of genomic DNA extracted from peripheral blood lymphocytes was performed using SNP assays obtained from Applied Biosystems, Inc (ABI) on an ABI 7900 (real-time) platform using the manufacturer's protocols. Duplicate wells were scattered on DNA template plates. The duplicate discordance rate did not exceed 5% except for two samples which were subsequently excluded from all analyses. The overall genotype call rate was >95% for all SNPs typed. SNPs were assessed for Hardy-Weinberg equilibrium (HWE) in unrelated, unaffected sibs within each ethnic group, and excluded from further analysis in that ethnic group if the test was significant at the 0.05 level. Three SNPs were monomorphic and excluded from further analysis. Characteristics of the 26 informative and three uninformative SNPs are shown in Table 2 .
Phenyl acetate activity assay
Paraoxonase activity in individual serum samples was assayed using kinetic spectroscopy of the hydrolysis reaction of phenyl acetate as previously described (Brophy et al., 2001b) , with small modifications to allow for the use of a 96-well plate configuration. Reactions in a final volume of 300μl, in quadruplicate, were performed in UV-clear microtiter plates (Greiner). Each well contained serum (at a final dilution of 1200-fold or higher), 9mM TrisCl, pH 8.0, 0.9 mM CaCl2, and 3.2 mM phenylacetate. Reactions were initiated by the addition of 30μl of 10x substrate solution to 270μl of diluted serum using an automatic 96-channel multi-dispenser (Labcyte). Plates were read at 270nm (with 49 sec. intervals between reads) in a plate reader (μ Quant; BioTek Inc.). A linear range for the assay was first established using a dilution series of a mixture of 10 de-identified serum samples, unrelated to the study, obtained from the clinical lab. Study samples were first tested at 1200-fold final dilution and re-tested at higher fold if they were outside of this linear range
Thiobutyl butyrolactone (TBBL) assay
The TBBL hydrolyzing activity of paraoxonase was assayed in individual serum samples using kinetic spectroscopy of the hydrolysis reaction of thiobutyl butyrlactone as described elsewhere , with minor modifications. Reactions in a final volume of 200μl, in triplicate, were performed in UV-clear microtiter plates (Greiner). Each well contained serum (at a final dilution of 1200-fold), 22 mM Tris-Cl, pH 8.0, 1.0 mM CaCl 2 , 0.5 mM 5,5′-dithiobis 2-nitrobenzoic acid (DTNB=Ellman's reagent), 0.5% DMSO, 1% acetonitrile, and 0.2mM thiobutyl butyrolactone (TBBL). Stock solutions were 200 mM TBBL in acetonitrile and 100 mM DTNB in DMSO. Reactions were initiated by the addition of (in this order) DTNB and (5 min later) TBBL, to diluted serum using an automatic 96-channel multidispenser (Labcyte). Plates were read at 412nm (at 49 sec. intervals between reads) in a plate reader (μ Quant; BioTek Inc.).
Determination of PON serum activity phenotypes
Both assays proceeded at linear rates during the first 10 minutes from the start of the reactions, allowing rates to be obtained by linear regression based on the first 12 data points. Thus, the slope of the curve during the linear phase of the reaction (first 12 data points) constituted the measurement. Immediately after completion of the kinetic measurement, each plate was read once at 977 nm and once at 900 nm for path length correction. The path length was determined as follows; path = (A977 -A 900 ) well / 0.18. The slope for each sample was estimated from the time course plot using linear regression of the path-length corrected absorbance over the initial 12 data points of the reaction. The rate of spontaneous hydrolysis (without serum) was subtracted to obtain the net rate. For PA, net rates were converted to standard units of aryl esterase activity (molar activity per minute per liter of serum) using the published extinction coefficient of phenol in aqueous solution at 270 nm (1.31 OD mM −1 cm −1 ). For TBBL, the results are reported in units of OD per minute without further conversions. Control reactions containing substrate but no serum were included on each plate as negative control to ensure that the rate of spontaneous reaction is sufficiently low. Time course plots for samples laying on quartile boundaries and a negative control are shown in Figure 1 .
Statistical methods
The distributions of PON serum activity phenotypes (PA and TBBL) were examined using SAS (version 9) and are shown for AD cases and controls for each ethnic group in Table 1 . Association of these PON serum activity phenotypes with individual SNPs and haplotypes was evaluated using family-based association tests in PBAT version 1.32 (http://www.biostat.harvard.edu/~clange/pbat3/default.htm) under the null hypothesis of no linkage and no association. These analyses were adjusted for age at blood draw, gender and AD status and assumed an additive genetic model with the minor allele as the referent. All possible 3-SNP combinations (2,600 combinations) were evaluated by haplotype analysis. Since this group of SNPs spans two haplotype blocks (Erlich et al., 2006 ; see Supplementary  Figure 1 ), many of these statistical haplotypes do not necessarily correspond to ancestral haplotypes. Haplotype-specific tests were performed for SNP combinations that returned a haplotype global test p-value smaller than the Bonferroni threshold for multiple testing (i.e., ≤0.05/2600 = 0.000019). Asymptotic p-values are reported for all tests. The effect of serum paraoxonase activity (PA and TBBL) on the odds of AD was estimated using generalized estimating equations (GEE) to account for sibship correlations, adjusting for gender and age (age at first symptoms for AD patients; age at interview for non-demented siblings). Analyses were performed in each ethnic group separately as well as in all ethnic groups combined (in which case ethnicity was adjusted for in the model). Regression coefficients were multiplied by the standard deviation of TBBL or PA and exponentiated to obtain the odds ratio per standard deviation (SD).
Results
Association of TBBL with PON SNPs
In the single-SNP analyses, 15 SNPs scattered throughout the PON cluster were significantly associated with TBBL after Bonferroni correction (Figure 2 panel A, Supplementary Table 1 ). The most significantly associated SNP (p=1.1×10 −6 ) was SNP 3 (rs662), which is a PON1 coding polymorphism (Q192R) with a known effect on the catalytic properties of paraoxonase (Browne et al., 2007 . In haplotype analyses, 6.3% of all 3-SNP combinations were significant after Bonferroni correction (i.e., threshold of global p<=0.000019). The most significantly associated haplotypes from among all 2600 combinations tested are displayed in Figure 2 panel B. These haplotypes frequently contained SNPs 1, 3, 6 or 9 (located in PON1) as well as SNPs 21 or 28 (located in PON2). SNPs 1, 3, 6 and 9 were significant individually (panel A) and showed an allelic pattern of association in haplotypes, which coincided with effect direction (panels B and D). Inclusion of either PON2 SNP 21 or 28 (which were not significant individually) increased the significance of the haplotype results; however the same alleles were present on both risk and protective haplotypes. Examination of 3-SNP haplotypes restricted to the PON3-PON2 region (SNPs 11-29) revealed a significantly associated haplotype in PON2 (Figure 2 panel C). This haplotype included SNPs 20 and 26, which were consistently present in the most significant haplotypes in this region and exhibited an allelic pattern of association that discriminated high-from low-expressing haplotypes.
Association of PA with PON SNPs
Three SNPs were significantly associated with serum paraoxonase activity as measured by the phenyl acetate assay (Figure 3, Supplementary Table 2 ). The most significantly associated SNP (p=0.000007) was SNP 9 (rs705379) which is a PON1 promoter polymorphism [−107], with a functionally proven effect on transcription (Brophy et al., 2001a (Brophy et al., ,2001b Deakin et al, 2003) . Overall, the results of haplotype analysis for activity on PA were similar to those observed for activity on TBBL. In haplotype analysis of all 3-SNP combinations 83 (3.2%) combinations were significant after Bonferroni correction. The most significantly associated haplotypes for PA (Figure 3 panel B) are a subset of those observed for TBBL (Figure 2 panel B) . Examination of region-specific SNP combinations (SNPs1-9; SNPs 11-29) failed to identify significantly associated haplotypes; however, haplotypes containing SNP 9 and SNP 26 from different haplotype blocks (Supplementary Figure 1) were among the most significantly associated with PA (Figure 3 panel C) and were distinct from the top results for TBBL.
Interaction of PON SNPs with serum paraoxonase activity measures
The results of haplotype analyses suggest that both PON1 and PON2 may harbor genetic determinants affecting serum paraoxonase activity. Likelihood ratio (LR) tests were performed to test the hypothesis that a model containing a term for interaction of two SNPs better explains the effect of PON genes than a model without interaction. A total of 325 SNP pair models (one for each unique pair of 26 SNPs) using GEE adjusting for age, gender, AD-status and ethnicity were tested thus requiring a LR test statistic to be significant at p<0.00015. For TBBL activity, SNP*SNP interaction terms in the models containing rs2299255 and rs2072200 or rs705379 and rs10487132 (located in different haplotype blocks spanning PON1 and PON3), and the models containing rs1034809 and either rs2074352 or rs2072200 (from PON 3 and PON 2 in the same haplotype block), were significant after Bonferroni correction, suggesting that the dependence of serum activity on sequence variation in the PON gene cluster may involve SNP*SNP interaction. No significant interactions were observed for PA activity after Bonferroni correction (see Supplementary Table 3) .
Comparison of Allelic Associations for serum paraoxonase activity and AD
The alleles associated with low activity in single-SNP tests were the same for TBBL and PA for all 26 SNPs (Figure 4) . Furthermore, there was considerable concordance between the alleles associated with low activity and those associated with higher risk for AD. This concordance extended throughout regions of PON1 (SNPs 1-10) and PON2 (SNPs 20-28), including all SNPs with significant p-values and/or involvement in significant haplotypes.
Association of serum paraoxonase activity with AD
TBBL and PA measures of serum paraoxonase activity were significantly lower in AD cases compared to sibling controls. In multivariate analysis adjusted for age, gender and ethnicity, the odds of AD increased 1.23-fold (95% CI = 1.07 -1.41; p=0.003) and 1.19-fold (95% CI = 1.04 -1.3; p=0.012) per standard deviation decrease in paraoxonase activity level for TBBL and PA, respectively (Table 3 ). The direction of this association was similar across ethnic groups analyzed separately, although the effect size varied somewhat and the estimates were not significant in every group.
Joint effects of PON SNPs and serum paraoxonase activity on AD risk
Prior studies have shown that the effect of paraoxonase on various vascular health outcomes is a combination of quantity, measured as the level of activity present in the serum, and quality, measured as structural DNA variation (Richter and Furlong, 1999) . We therefore hypothesized that the effect of serum activity on AD risk might be dependent on SNP genotypes. To test this hypothesis, for each SNP we fitted two GEE models (with AD as the outcome) that included the SNP, TBBL or PA activity, age, gender and ethnicity. We also considered models that included an interaction term for the SNP and activity (SNP*TBBL or SNP*PA). Among models without the interaction term, the significance of the association of either serum paraoxonase activity measure with AD risk was not appreciably diminished by inclusion of PON1 SNPs rs2237582, rs662, rs1157745, or rs705379 (Table 4) . However, serum paraoxonase activity was no longer associated with AD risk after adjustment for the effects of the other PON1 SNPs or any SNPs in PON3 and PON2.
Further insight into the joint effects of variation in the PON SNPs and serum paraoxonase level on AD risk can be gleaned from models allowing for interaction of these main effects. With the exception of rs2299255, none of the interactions involving PON1 SNPs and TBBL activity were significant (Table 4 ). In contrast, significant interactions were found for PA activity with nine PON3 and PON2 SNPs, including the missense variant C311S. The model including rs3735586 and PA activity was the only one showing significant main effects and interaction terms after Bonferroni correction. To characterize this interaction further, we fitted GEE models adding the SNP, PA activity and their interaction in a stepwise manner (Table 5 ). The full model including the interaction of rs3735586 and PA activity was a significant improvement over the model lacking the interaction term. Figure 5 shows that among persons with PA activity levels below 120 units, the risk of AD is higher among rs3735586 A/T heterozygotes than T/T homozygotes. For values of PA activity above 120 units, T/T subjects have a greater risk for AD than C/T subjects.
Discussion
In this study, the relation between serum paraoxonase activity and AD was examined by measuring two serum PON activity phenotypes (TBBL and PA) in 266 AD patients and 306 non-demented sib-controls from three ethnic groups. The odds of AD (adjusted for age, gender and ethnicity) increased 20% for each standard deviation decrease in PA or TBBL activity. Analyses of individual SNPs revealed association signals for serum activity in all three PON genes. Haplotype including SNPs spanning the full length of the PON gene cluster were generally more significant than haplotypes comprising SNPs from a smaller region. Thus, we find that lower serum paraoxonase activity is a risk factor for AD and multiple DNA sequence polymorphisms in distinct regions of the PON gene cluster influence serum paraoxonase activity. These results suggest that PON1, PON2 and PON3 may all be involved in AD and that their effects may be synergistic.
Several studies have shown evidence for association of PON with AD risk using DNA markers (Chapuis et al., 2009; Dantoine et al, 2002; Erlich et al., 2006; He et al., 2006; Janka et al., 2002; Leduc and Poirier, 2008; Scacchi et al., 2003; Shi et al., 2004) , but other studies each examining one SNP and relatively small samples were negative (Cellini et al, 2006; Pola et al., 2003; Sodeyama et al., 1999; Zuliani et al., 2001) . Notably, in an Italian clinic-based sample the PON1 R192Q polymorphism (SNP 3) was not associated with AD (Pola et al., 2003) , but carriers of the R allele responded significantly better to treatment with cholinesterase inhibitors (Pola et al., 2005) . This finding is consistent with the association findings of L55M (SNP 7) and R192Q with frontal cortex amyloid β level and cholineacetyltransferase activity in a group of autopsy-confirmed AD patients and agematched controls (Leduc and Poirier, 2008) . A few previous studies examined the association of PON SNPs with the level of serum activity (Dantoine et al., 2002; Paragh et al., 2002; Wehr et al., 2009) , and the results were inconclusive perhaps because of insufficient sample size, consideration of only the phenyl acetate measure which may be a less reliable measure of serum paraoxonase activity than TBBL, or much less comprehensive analysis of variants in the PON gene cluster than the current study.
Findings of association of both serum paraoxonase activity phenotypes with multiple PON1 SNPs is consistent with the observation that coding and regulatory variants in this gene influence the hydrolysis of serum paraoxonase (Brophy et al., 2001b; Deakin et al., 2003; Gaidukov et al., 2006) . Our comprehensive SNP analysis also revealed significant association signals in PON2 and PON3, particularly with TBBL. Given the proximity of these genes to one another, these results could be explained most parsimoniously by a single genetic determinant. Alternatively, there may be multiple variants in the PON cluster influencing serum paraoxonase activity. The latter explanation seems more plausible when considering the discontinuous linkage disequilibrium structure of the PON cluster (Erlich et al., 2006) and the results of the haplotype analysis. This hypothesis is also supported by the analyses which showed significant evidence for interaction among SNPs in PON1 with SNPs in PON3 and PON2 to account for variance in activity on TBBL and could explain discrepancies between studies regarding the effect of PON1[Q192R] (Wheeler et al., 2004) and other PON polymorphisms on various outcomes.
The SNP*PA interaction presented in Table 5 suggests that AD risk is not a simple additive function of genotype and PA level. PA has the greatest effect when there are 0 copies of the A allele for rs3735586: for individuals with 0 copies of the A allele, a 1 SD decrease in PA increases odds of disease by a factor of 2.41. For individuals with 1 or 2 copies of the A allele, PA has a more modest effect: a 1 SD decrease in PA increases odds of AD by a factor of 1.47 for the A heterozygotes, and decreases odds of AD by a factor of 0.90 for A/A homozygotes. While the precise mechanism linking paraoxonase to AD pathogenesis is unclear, this interaction suggests that factors other than PON genotype(s) determine PON serum activity which in turn influences AD risk. Another explanation of these findings is that rs3735586 may be tagging different variants with different effects on PA activity level. This is plausible based on haplotype findings (Figure 3 ) which show that both the A and T alleles of SNP20 (aka rs3735586) are associated with increased PA level and that allele A may also be associated with decreased PA level. Depending on the frequency and dominance pattern of the underlying functional variants in AD subjects and controls, the A/ A genotype in LD with one variant may be associated with lower PA level in controls whereas the same genotype in LD with another variant may be associated with higher PA level in AD subjects. Also, it is plausible that the PON genotypes may influence AD risk by mechanisms other than PON serum activity levels.
The mechanism by which PON influences AD risk is currently unknown. Low PON1 activity is also associated with increased systemic oxidative stress, and increased risk for cardiovascular disease, type 2 diabetes and stroke (Aydin et al., 2006; Bhattacharyya et al., 2008; Jarvik et al., 2000; Leviev et al., 2001; Mackness et al., 1991 Mackness et al., , 1998 , all of which are AD risk factors (Rosendorff et al., 2007) . A recent study of autopsy-confirmed AD cases showed that the L55M and Q192R variants were associated with β-amyloid levels (P < 0.001), senile plaque accumulation (P < 0.001) and choline acetyltransferase activity (P < 0.05) in, respectively, two of two, five of six, and three of six brain areas (Leduc et al., 2009 ). However, PON1 does not cross the blood-brain barrier (although an IgG-PON1 fusion protein has been engineered to penetrate the brain for targeted drug delivery) (Boado et al., 2008) suggesting that paraoxonase is either expressed in brain or may be involved in pathways that can disrupt brain integrity.
Our study has several noteworthy limitations. First, lack of significance for some comparisons within ethnic groups may be due to insufficient sample size for the smaller groups, or differences in lifestyle, behavioral habits and environmental exposures between ethnic groups. At the same time, the significant results need to be replicated in large independent samples. Nonetheless, the patterns of association appeared the same in all three ethnic groups included in our analyses. Second, because serum specimens were collected from non-fasting subjects who provided limited information on medical and medication history, our analyses do not take into account the potential influences of lipid levels and anti-inflammatory medication use on serum paraoxanase activity. Third, the artificial substrates we used to assay serum paraoxonase may not accurately represent in-vivo substrates present in brain. Finally, while several of the most significantly associated haplotypes included coding and regulatory variants in PON1, these haplotypes also implicated PON2 intronic SNPs rs3735586 and rs1034809 which were not significant when analyzed individually and are not known to have a biological function.
In summary, our results suggest that deficient serum paraoxonase activity is a significant risk factor for AD and that paraoxonase activity is governed in part by at least two distinct variants, one located in the PON1 region and another in PON2. Further studies are needed to confirm the identity of these variants and elucidate their influence on paraoxonase activity and ultimately on AD pathogenesis.
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